Background: Ovarian cancer is the seventh most common cancer diagnosis among women worldwide (Prat J, Int J Gynaecol Obstet 124: [1] [2] [3] [4] [5] 2014) .Although magnetic resonance imaging has been proved to be accurate in characterizing adnexal masses (Pretorius E, et al. ) .The aim of this study is to differentiate between benign and malignant adnexal tumors by MR spectroscopy. Methods: This is a prospective study including 24 patients, with histopathologically proven adnexal masses. Singlevoxel MR spectroscopy was performed on a 1.5-T MRI after localizing the mass by T2-weighted images. Analysis of choline, N-acetylaspartate, lactate, and lipid peaks were performed. Comparison between choline-to-creatine ratios of the benign and malignant masses was examined using receiver operating characteristic curve. Comparison between the choline-to-creatine ratios of primary and metastatic tumors was done using (ROC) curve. Results: The mean (± SD) choline-to-creatine ratio was 1.73 ± 3.16 in benign lesions versus 5.46 ± 3.91 in malignant lesions with statistically significant difference (p = 0.019). When the choline-to-creatine threshold was 3.6 for differentiating benign from malignant adnexal lesions, the sensitivity, specificity, positive predictive value, and negative predictive value were 69.2%, 90.9%, 90%, and 71.4% respectively. The ROC curve analysis of choline-tocreatine ratio yielded a threshold of 6 for differentiating primary from metastatic tumors, with a sensitivity, specificity, positive predictive value, and negative predictive value of 100%, 83%, 80%, and 100% respectively. Conclusion: Proton 1 H-MR spectroscopy can help in differentiation between benign and malignant adnexal masses.
Background
Ovarian cancer is the main cause of death from gynecologic malignancies [1] . The insidious onset of the disease with nonspecific symptoms accounts for the delayed tumor diagnosis and poor survival [2] . Magnetic resonance imaging has recently been proved to be a promising tool in the characterization of adnexal masses, with accurate differentiation between solid, cystic, fatty, and hemorrhagic components [3] . Despite the advances in conventional and functional MR imaging techniques, such as diffusion-weighted imaging, it is still not possible to differentiate benign from malignant adnexal masses in a considerable number of cases, due to the diversity of histopathological types and complex morphology [4, 5] . In vivo proton MR spectroscopy ( 1 H-MRS) has an established role as a non-invasive tool in the diagnosis and follow-up of brain lesions, yet its role in the abdomen and pelvis still poses a challenge, due to technical difficulties caused by respiratory and bowel motion artifacts [6] . Few studies have investigated in vivo MRS in the differentiation of benign from malignant adnexal masses, yet with inconsistent results [6] [7] [8] . The aim of this study was to assess the role of 1 H-MRS in the differentiation of benign and malignant adnexal masses.
Methods
This is a prospective study which included 24 female patients, with age ranging from 18 to 67 years, with mean age 46 ± 13 years. These patients were referred from a tertiary women's hospital to perform MRI from May 2017 till April 2018.
We included patients with suspected ovarian masses by transvaginal and/or transabdominal ultrasound examination. Some of the patients also had CT scan done. We included patients with cystic and mixed solid and cystic, as well as purely solid lesions.
We excluded patients with masses less than 5 cm in maximum diameter and those with claustrophobia or any other MR contraindication. Nineteen patients were proven by surgery (open laparotomy) and histopathology, while five patients had laparoscopic biopsy followed by histopathology, due to their advanced stage.
MRI scanning
All patients provided written consent to the MR examination. MRI was performed using a 1.5-T unit (Philips Achieva Medical systems) with a phased array pelvic coil. The patient lay in the supine position and breathed freely during the examination. MR imaging included orthogonal imaging to identify the ovarian mass to allow for accurate placement of the spectroscopy voxel. These included T2-weighted turbo-spin echo images in the sagittal, axial, and coronal planes, with echo time (TE) 115 ms, repetition time (TR) 4303 ms, field of view 27 × 34 cm, matrix 264 × 250, 5 mm slice thickness, and 0.5 mm gap. Each acquisition took about 5 min.
Spectroscopy methods
Single-voxel spectroscopy measurements of ovarian tumors were taken by a technician under the supervision of a radiologist, after identification of the lesion on T2weighted images. Eight of the patients had single-voxel spectroscopy measurements recorded from cystic lesions, and the remaining 16 patients had the voxel placed in the solid parts of the lesions. The voxel size was 2 × 2 × 2 cm 3 . Spectroscopy voxel was carefully placed in the center of the solid part of purely solid lesions in axial planes, and in the center of the solid parts of complex solid and cystic lesions, to avoid contamination from surrounding tissues. Any inhomogeneous areas were avoided. All spectra were acquired using a double SE, slice-selective technique (point resolved spectroscopy (PRESS)) [9] , an echo time of 144 ms, a repetition time of 2000 ms, and 192 signal averages. A relatively long echo time was chosen to allow the detection of lactate which appears as an inverted doublet signal due to j-modulation. Free induction decays were processed by Fourier transforms and Gaussian fits for the peak area. Automatic shimming was performed, and the acquisition time was approximately 7 min.
Spectral analysis
Patient spectra were interpreted by two radiologists experienced in MR spectroscopy. They were interpreted qualitatively by peak inspection, with also quantitative analysis using the Cho/Cr ratios.
Metabolite peak areas were calculated using a simplex routine, assuming Gaussian line shapes. Concentrations of choline and creatine were evaluated, while the presence of lipid, lactate, and NAA peaks were reported. The metabolite peak areas were compared to the background noise by visual estimation and classified into three groups: twofold higher than the average noise level (++), higher than the average noise level but less than the twofold higher noise level (+), and similar to average noise level (−). The classification of metabolite peak areas was performed according to the technique described by Okada et al. [10] 
Statistical methods
Data were analyzed using MedCalc© version 18.2 (Med-Calc© Software bvba, Ostend, Belgium) and XLSTAT©version 19.5 (Addinsoft©, Paris, France).
Continuous numerical variables were presented as mean ± standard deviation, and intergroup differences were compared using the unpaired t test. Categorical data were presented as number, and percentage and between-group differences were compared using Fisher's exact test.
The diagnostic value of choline/creatine ratio for discrimination between malignant and benign lesions was examined using receiver operating characteristic (ROC) curve analysis.
The accuracy of NAA, lipid, or lactate peak was examined using 2 × 2 contingency tables with histopathological diagnosis used as the gold standard test.
P values < 0.05 were considered statistically significant.
Results
Single-voxel MR spectroscopy was successfully done for 24 patients with adnexal masses, diagnosed by sonography ± MRI studies. All patients had histopathological correlation either by open surgery or laparoscopic biopsy within a period of 1 month following the MRS study. Among the 24 cases included, 11 cases (45.8%) had benign adnexal masses, while 13 (54.2%) had malignant masses. The pathological entities of the included cases are listed in Table 1 .
A choline peak was detected in 14 lesions (4 benign and 10 malignant), NAA peak in 5 lesions (3 benign and 2 malignant), lipid peak in 12 lesions (6 benign and 6 malignant), and lactate peak in only 4 lesions (all were benign). The metabolites detected in the different histopathological types are listed in Tables 2  and 3 .
The mean (± SD) choline-to-creatine ratio was 1.73 ± 3.16 in benign lesions (Figs. 1 and 2) versus 5.46 ± 3.91 in malignant lesions (p = 0.019; Figs. 3, 4, and 5 ). The ROC curve analysis of choline-to-creatine ratio yielded an AUC of 0.733 and a threshold of 3.6 for differentiating benign from malignant lesions, with a sensitivity, specificity, positive predictive value, and negative predictive value of 69.2%, 90.9%, 90%, and 71.4% respectively.
The mean (± SD) choline-to-creatine ratio of nine primary ovarian tumors was 5.55 ± 1.65 while that of four metastatic ovarian tumors was 9.74 ± 2.11, with statistically significant difference noted (p = 0.008). The ROC curve analysis of choline-to-creatine ratio yielded an AUC of 0.958 and a threshold of 6 for differentiating primary from metastatic ovarian tumors, with a sensitivity, specificity, positive predictive value, and negative predictive value of 100%, 83%, 80%, and 100% respectively. 
Discussion
Choline/creatine ratio Although proton MR spectroscopy ( 1 H-MRS) has established its role as a non-invasive tool in the diagnosis and post-treatment follow-up of brain, breast, and prostate tumors, its role in ovarian tumors is still in its infancy [8] . A limited number of studies have been published with variable results probably due to the diversity of pathological subtypes of ovarian tumors and the technical challenges of MR spectroscopy [6] [7] [8] . A study conducted by Ma et al. [8] showed a higher choline-tocreatine ratio in malignant ovarian tumors compared to benign ones. They reported that a choline-to-creatine ratio greater than 7.46 indicated that a tumor was malignant. An earlier study by Stanwell et al. [7] reported that a choline-to-creatine ratio greater than 3.09 indicated a malignant tumor. In this study, the integral choline-tocreatine ratio was 1.73 ± 3.16 in benign adnexal lesions versus 5.46 ± 3.91 in malignant lesions, with a statistically significant difference and a threshold of 3.6 to differentiate between benign and malignant lesions, with a sensitivity, specificity, positive predictive value, and negative predictive value of 69.2%, 90.9%, 90%, and 71.4% respectively. This threshold is more in keeping with that of Stanwell et al. [7] probably due to the heterogeneous cystic and solid consistency of the majority of the tumors, as opposed to Ma et al. [8] who studied solid tumors in all cases. Moreover, the relatively low sensitivity in this study compared to that conducted by Ma et al. [8] who reported a sensitivity of 94.1% is also likely attributed to the heterogeneous consistency of the studied sample, with some malignant cases not showing a choline peak due to small solid component.
A striking observation in this study was a higher integral choline-to-creatine ratio in metastatic ovarian tumors compared to primary tumors with mean choline-tocreatine ratio 9.74 ± 2.11 in metastatic tumors versus 5.55 ± 1.65 for primary tumors with a threshold of 6 to differentiate between them. To our knowledge, this is the first study to compare choline-to-creatine ratio in primary and metastatic ovarian tumors. Further investigations with larger numbers of cases are needed to investigate this.
N-acetylaspartate
N-acetylaspartate (NAA) is a marker of neuronal elements and it resonates at 2.02 ppm. An unassigned prominent peak was previously shown on MRS of breast, cervical, prostate, and ovarian cancers. This peak could possibly be assigned to NAA or to the -CH 3 moiety of salicylic acid [11] [12] [13] [14] . In a study by Boss et al. [15] , NAA signals were reported in cyst fluid of serous cystadenomas of the ovary. This was also reported by Kolwijck et al. [16] who concluded NAA and N-acetyl groups from glycoproteins or glycolipids contribute to the 2.0-2.1 peak in ovarian cyst fluid. It has been proposed that the NAA system is a molecular water pump [17] . The results of our study are in line with these previous studies, where we recorded sharp NAA peaks in our two cases of mucinous cystadenomas (Fig. 6 ). Stanwell et al. [7] reported a significant peak at 2.07 ppm in all teratomas, serous cystadenomas, and two of five serous carcinomas, with a higher peak in malignant tumors. In this study, NAA peak was detected in three benign cases and two malignant ones, yet we had one case of mature cystic teratoma which did not show NAA peak. This was unlike the results of Stanwell et al. [7] , possibly due to the absence of neuronal elements in our lesion.
Lactate
Lactate is the end product of anaerobic glycolysis. It resonates at 1.3 ppm and usually indicates carbohydrate catabolism and the lack of oxygen in energy metabolism [18] . Stanwell et al. [7] reported higher lactate levels in malignant ovarian tumors compared to their benign counterparts. Hascalik et al. [19] found high lactate levels in pelvic abscess due to anaerobic glycolysis. Okada et al. [11] reported lactate peaks in some benign and all malignant tumors, higher in the latter group. In this study, lactate was only detected in one case of pelvic abscess, in line with Hascalik et al. [20] , one case of mature cystic teratoma, and one case of serous cystadenofibroma complicated with torsion. This could be explained partly due to obtaining the MR spectra from only the solid portions of malignant tumors, unlike Okada et al. [10] who obtained spectra from both solid and cystic parts, with the highest lactate levels reported in the cystic parts of malignant tumors. Our results were more in keeping with Ma et al. [8] who found a lactate peak in four malignant and four benign tumors, which was also explained by the more solid tumor sample in their study.
Lipid
Previous studies of brain and cervical cancers suggested that lipids could possibly be a cancer marker [19, 21, 22] . In malignant brain tumors, this was assumed to be a result of necrosis because tumors proliferate without a vascular network to maintain their metabolic needs [19] . Cho et al. [13] had similar results in MR spectroscopy of ovarian masses. Their study reported a lipid peak only in malignant ovarian tumors and mature cystic teratomas. However, Ma et al. [8] reported lipid peaks in benign and malignant ovarian masses, with greater lipid-to-creatine ratios in malignant than benign masses, yet the difference was not statistically significant. This is in keeping with the results of this study, where lipid peaks were found in six benign and six malignant adnexal masses. Takeuchi et al. [23] suggested lipid as a marker for ovarian fibrothecoma, where they used it to differentiate them from other benign uterine lesions like subserous leiomyomas and from ovarian fibromas. In this study, lipid was reported in all fibrothecomas (2), in keeping with Takeuchi et al. [23] , one mature cystic teratoma, one tubo-ovarian abscess, one of three broad ligament leiomyomas, and one benign serous cystadenofibroma complicated with torsion and with pathologically proven massive infarction necrosis. In the last case, the lipid peak could be due to the disruption of macromolecules in the cell membrane, a finding in line with El Sorogy et al. [24] who reported a case of fibroma with infarction necrosis also showing a high lipid peak. Moreover, in the case of broad ligamentary leiomyoma with high lipid peak, the voxel was also placed in the cystic portion, which showed degeneration on pathology.
Our study had several limitations. First is the relatively small number of cases which included only a limited pathological variety of adnexal lesions. Second, lactate was detected only in three lesions, which could be attributed to higher intensity of lipid peaks which resonate at the same frequency as lactate. Lipid peaks could have obscured the lactate peak. Third, a large number of cases were heterogeneous in consistency rendering the obtaining of adequate spectroscopic data technically challenging.
Conclusion
In vivo 1 H-MRS can contribute to the differentiation between benign and malignant adnexal tumors through the use of quantitative analysis of choline-to-creatine ratio. Furthermore, it can provide a promising tool in the differentiation of primary and metastatic adnexal tumors, yet more studies with larger numbers of cases should be conducted to investigate this.
Abbreviations MRS: Magnetic resonance spectroscopy; NAA: N-acetylaspartate; ROC: Receiver operating characteristic
